Background: Due to renewed interest in the Warburg effect, glycolytic enzymes have garnered interest as therapeutic targets for cancer. Results: Proliferation of transformed cell lines is halted upon aldolase knockdown using RNAi, an effect not seen upon knockdown of other glycolytic enzymes. Conclusion: Aldolase knockdown inhibits proliferation through a non-glycolytic function, likely affecting cytokinesis. Significance: Non-glycolytic aldolase functions represent a new potential target for cancer therapeutics.
Glucose uptake and glycolysis are increased in transformed cells, regardless of the presence or absence of oxygen. Otto Warburg originally observed this phenomenon, and it is thus known as the Warburg effect (1). Because cancer cells are highly dependent on glycolysis, the expression of most glycolytic enzymes is increased (2) , and this pathway has recently garnered interest as a possible target for the treatment of cancer (3) . Through the use of RNAi, the glycolytic enzymes hexokinase II, phosphofructokinase 1 (PFK-1), 2 phosphoglucoisomerase, pyruvate kinase M2, and lactate dehydrogenase A have been targeted in various cancer cell lines. In addition to effects on metabolism, these studies have uncovered several interesting effects on transformed cells, including cell cycle delay and increased apoptosis (hexokinase II and PFK-2) (4, 5), redirection of glucose into the pentose phosphate pathway through inhibition of PFK-1 (6) , reversal of the epithelial-to-mesenchymal transition (phosphoglucoisomerase) (7, 8) , expression of isoforms that provide selective advantages for tumor growth (pyruvate kinase M2) (9) , and increased sensitivity to hypoxia (lactate dehydrogenase A) (10) . However, knockdown of the glycolytic enzymes in these studies showed modest effects on the proliferation of transformed cells in culture (a 10 -25% decrease depending on the enzyme targeted).
Other glycolytic enzymes have not been targeted by RNAi in transformed cells. In this study, four such enzymes, aldolase A, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), triosephosphate isomerase, and enolase 1, have been targeted using siRNA in Ras-transformed NIH-3T3 (Ras-3T3) cells (11) (12) (13) . Among these, aldolase knockdown had the greatest effect on the proliferation of Ras-3T3 cells. This effect was shown in other cancer cell lines and was more pronounced in transformed cells than in their non-transformed parental cell lines. However, the aldolase knockdown effect was not due to loss of glycolytic capacity and rather correlated with an increase in multinucleation, suggesting a cytokinesis defect through a nonglycolytic function of aldolase consistent with known interactions of aldolase with F-actin and WASP (14, 15) .
EXPERIMENTAL PROCEDURES
Tissue Culture-Mouse NIH-3T3, Ras-3T3, human A293T, Rat1, DNp53-Rat1, rat PC-12, and rat 9L were gifts of Drs. Ulla Hansen, Thomas Gilmore, Geoffrey Cooper, and David Waxman. Cells were maintained in DMEM with the appropriate serum (NIH-3T3, Ras-3T3, Rat1, and DNp53-Rat1, 10% newborn calf serum; 9L, 10% fetal bovine serum; PC-12, 10% fetal bovine serum plus 5% horse serum), 50 units/ml penicillin, and 50 mg/ml streptomycin.
Soft agar assays were performed as described previously (12) . One day after siRNA transfection, cells were trypsinized, counted, and diluted to a concentration of 10 4 cells/ml. Cells (10 4 ) were placed in the appropriate media plus 0.3% (w/v) BactoAgar (Difco). Plates were incubated at 37°C, 5% CO 2 , and colonies were counted 14 days later.
Creation of Stable Cell Lines-Plasmids used were pMSCV (Clontech), pcDNA 3.1-Myc (Invitrogen), pPB14 (rabbit aldolase A expression plasmid) (16) , and pCL10-A1 (Clontech). The pMSCV-MycAldolase plasmid was constructed by PCR amplification of the rabbit aldolase A open reading frame from pPB14 (17) with primers containing restriction enzyme sites compatible for cloning into pcDNA3.1-Myc. MycAldolase was subsequently subcloned into BglII-EcoRI-digested pMSCV (Clontech) (pMSCV-MycAldolase). The pMSCV-MycD33S plasmid was created by subcloning from the pAM9 plasmid (18) into pMSCV-MycAldolase using the BamHI and SbfI restriction sites. Plasmids pMSCV, pMSCV-MycAldolase, or pMSCVMycD33S were co-transfected with the pCL10-A1 packaging vector (Imgenex) into the packaging cell line A293T using polyethylenimine. Viral particles containing the appropriate plasmids were collected and were used to infect 9L cells as described previously (19) . The population of cells that survived puromycin treatment was allowed to grow to confluence for isolation and storage.
Design of siRNAs-Three siRNAs to mouse aldolase A were designed based on algorithms for predicting potent and specific RNAi (20) . Sequence-dependent silencing of off-target transcripts was minimized by comparing sequences to the mouse EST database (http://www.ncbi.nlm.nih.gov/nucest/), ensuring no significant similarity to other genes. The design ensured minimal sequence identity to rabbit aldolase A used in rescue experiments. siRNAs to the following target sequences were synthesized (Invitrogen): siRNA 287, 5Ј-CGCCUGCAGUC-CAUUGGCA-3Ј; siRNA 1171, 5Ј-CGCUUGUCAAGGAAA-GUAU-3Ј; and siRNA 1301, 5Ј-CUACCCACTUUGCUAUU-GAA-3Ј. Verified siRNAs to GAPDH (ABI/Ambion), triosephosphate isomerase (Qiagen), and enolase (Qiagen) were purchased.
Transfection of siRNA-Transfection of siRNAs was performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. The optimal total concentration was 25 nM (see supplemental Fig. S1 ). Pooled equimolar mouse aldolase siRNAs (siRNA287, siRNA1171, and siRNA1301; 8.3 nM each) were used; no siRNA was more effective than the others and there was no increased effect due to pooling (supplemental Fig. S2 ). All targeted enzymes showed maximal knockdown 3-4 days after transfection (supplemental Fig. S3 ).
Enzymatic Activity Assays and Protein Determination-Cells were washed twice with ice-cold PBS, scraped from the dish, collected by centrifugation, and resuspended in 100 l of 20 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% (v/v) Triton X-100, 1 mM DTT, and 1 g/l each of leupeptin, pepstatin A, and PMSF. Lysates were cleared by centrifugation at 20,000 ϫ g for 1 h. Activity of glycolytic enzymes in the cleared lysates was determined as described previously for aldolase (17) , GAPDH (21) , triose-phosphate isomerase, and enolase (22) (the latter two did not use added rotenone). Protein concentration for each lysate was determined by dye-binding assay (23) .
Proliferation and Cell Viability Assays-Cell proliferation was measured using three separate assays. For cell counting using a hemocytometer, medium was removed from cells and reserved. Cells were trypsinized from the plate and incubated at 37°C for 5-10 min. Trypsinization was stopped by addition of the reserved growth media, thus accounting for both live and dead cells. An aliquot was removed, diluted 1:2 with Trypan Blue dye (0.4% (w/v)), and counted. Cell viability was determined by comparing live cells to the total number of cells. Second, relative cell numbers were determined by crystal violet staining as described previously (24) . Third, cell proliferation was assessed using the Promega CellTiter 96® AQ ueous One Solution cell proliferation assay (MTS) based on reducing capacity of live cells was used according the manufacturer's instructions. Absorbance at 490 nm was measured after 1 h.
Immunoblotting-Protein from cleared cell lysates (25-50 g) was separated by SDS-PAGE (12% (w/v)) and transferred to nitrocellulose using a semi-dry transfer apparatus (Bio-Rad). Blots were blocked overnight in 20 mM Tris, pH 7.5, 50 mM NaCl (TBS) containing 0.1% (v/v) Tween 20 and 5% (w/v) Carnation instant milk. For MycAldolase detection, blots were incubated with mouse anti-Myc primary antibody (Santa Cruz Biotechnology, sc-40, 1:10,000 in TBS), followed by HRP-conjugated goat anti-mouse secondary antibody (Bio-Rad, 170 -6516, 1:2000 in TBS) for one h each. For actin detection, blots were incubated in the same manner using goat anti-actin primary antibody (Santa Cruz Biotechnology, sc-1616, 1:500 in TBS), followed by HRP-conjugated rabbit anti-goat secondary antibody (Pierce, 31402, 1:10,000 in TBS). Bands were visualized using SuperSignal West Dura Extended Duration Substrate (Thermo Scientific).
Determination of Glycolytic Flux-Three days after transfection with siRNA, cells were incubated in glucose-free DMEM for 24 h. A bolus of 5 mM glucose was added, and aliquots of the media were removed every 4 -6 h over a 24 -36 h time period and immediately frozen at Ϫ80°C. Each aliquot was heated to 80°C for 15 min, clarified by centrifugation at 8000 ϫ g for 10 min at 4°C, and used for determination of lactate (25) or glucose (26) .
Determination of ATP Concentration-Several methods for ATP extraction from cells were tested as described in supplemental Table S1 ). The method giving the highest yield with the most precision is as follows: 4 days after transfection, cells were washed twice with PBS, scraped, and immediately frozen at Ϫ80°C. Samples were lysed and deproteinized by incubation at 80°C for 15 min, and clarified by centrifugation (1000 ϫ g for 10 min). ATP concentration was determined using a luciferasebased assay per the manufacturer's instructions (Invitrogen). The [ATP] extracted using this method was on the order of 1-2 fmol/cell, consistent with other observations (27) .
Staining and Microscopy-Cells grown on poly-L-lysinecoated coverslips were stained for F-actin with Alexa Fluor 488-phalloidin (5 units/ml) and for nuclei with DAPI (300 nM), and cells were treated as described in the manufacturer's instruc-tions (Invitrogen). Cells were imaged on an Olympus IX50 microscope at 400ϫ.
RESULTS

Aldolase Depletion Caused a Significant Decrease in Rate of
Proliferation-Ras-transformed mouse 3T3 fibroblasts (Ras-3T3) show hallmarks of transformation such as changes in cell morphology, lack of contact inhibition, and anchorage-independent growth (11) (12) (13) . Using siRNAs, the effect of knockdown of four glycolytic enzymes, aldolase A, GAPDH, triosephosphate isomerase, and enolase-1, was investigated. The embryonic forms of aldolase and enolase isozymes were chosen because there is generally a reversion to embryonic expression in cancer cells (28) . GAPDH and triose-phosphate isomerase only have one isoform. Knockdown was monitored by loss of enzymatic activity, and at 4 days post-transfection, the degree of knockdown was maximal (supplemental Fig. S3 ). Four days after transfection, the activity of all four enzymes was reduced 60 -80% compared with mock transfected cells (average p Ͻ 0.022) (Fig. 1A) . The rate of cell proliferation was measured by counting cells present each day after transfection for 5 days. Differences in exponential rates of proliferation were seen depending on which glycolytic enzyme was targeted (Fig. 1B  and supplemental Table S2 ). Compared with mock-transfected controls, the relative rates of proliferation of cells treated with siRNA to aldolase, GAPDH, triose-phosphate isomerase, and enolase decreased by 80, 50, 25, and 20%, respectively (supplemental Table S2 ). The drastic decrease in the rate of cell proliferation using siRNA to aldolase was confirmed using both crystal violet (Fig. 1C) and MTS ( Fig. 1D ) measurements. Cell viability was measured by trypan blue exclusion assay, and the viability of all glycolytic enzyme-knockdown cells was indistinguishable from mock-transfected cells (Fig. 1E) . Therefore, the decrease in cell proliferation in aldolase-knockdown cultures was not due to an increase in cell death but to inhibition of proliferation.
Aldolase Knockdown Reduces the Proliferation of Several Transformed Cell Lines-Next, the effect of aldolase knockdown on proliferation in other transformed rodent cell lines was investigated. Dominant-negative p53-transformed Rat1 fibroblast (DN-p53 Rat1) (29) , rat 9L glioblastoma, and rat PC-12 pheochromocytoma cells all form tumors when injected into animals (29 -31) . Each of these cell lines was transfected with the same aldolase siRNAs as were used for Ras-3T3 cells. After 4 days, aldolase activity was reduced by 80 -90% in each cell type ( Fig. 2A) . Moreover, aldolase knockdown severely reduced cell proliferation in all three cell lines (Fig. 2 , B-D) as determined by crystal violet measurements. These data indicate that inhibition of cell proliferation following aldolase knockdown was likely a pervasive effect in transformed cell lines.
Rescue of Aldolase Knockdown Phenotype-Whether the effect of aldolase knockdown on cell proliferation was specific to aldolase or was due to an off-target effect(s) was addressed by rescue with exogenous rabbit aldolase A. The siRNAs used in this study target mouse and rat aldolase A but not rabbit aldolase A. Of the four transformed cell lines tested, only the 9L and PC-12 cells were not already puromycin-resistant; therefore, 9L cells were used for these rescue experiments. Rat 9L cells were stably transduced with the pMSCV-empty vector, which served as negative control for the MycAldolase rescue, or the pMSCVMycAldolase vector, which should demonstrate the rescue. Cells transduced by MSCV-empty (MSCV-9L) or MSCVMycAldolase (MycAld-9L) were selected by puromycin resistance. Expression of Myc-tagged rabbit aldolase was confirmed via immunoblot (Fig. 3A) . Both MSCV-9L and MycAld-9L cells were transfected with the siRNAs specific to rat aldolase A. At 4 days post-transfection, exogenous aldolase expression in MycAld-9L cells was not affected by siRNA treatment as shown by immunoblot (Fig. 3B) . In contrast, MSCV-9L cells, which did not express the exogenous rabbit aldolase, showed an 80% reduction in aldolase activity as determined by aldolase activity assay (Fig. 3C) .
Proliferation was measured using crystal violet for both mock-and aldolase siRNA-transfected MSCV-9L and MycAld-9L cells. The empty vector-transduced MSCV-9L cells showed the same proliferation defect as parental 9L cells (compare Figs. 2C and 3D ). In contrast, MycAld-9L cells showed no reduction in proliferation upon aldolase knockdown as compared with mock-transfected controls. These data indicate that reduced proliferation in aldolase-knockdown 9L cells was specific to the loss of aldolase expression and was not due to an off-target effect.
The effect of aldolase knockdown on anchorage-independent growth was tested in parental 9L, MSCV-9L, and MycAld-9L cells in a soft agar assay (Fig. 3E) . Each cell line was transfected with siRNA to aldolase, and 1 day after siRNA transfection, cells were placed in soft agar. After 14 days, the aldolase siRNA-treated cells formed significantly fewer colonies than mock-transfected cells in both 9L and MSCV-9L cells. In contrast, MycAld-9L cells did not show a significant difference in the number of colonies formed as compared with mocktransfected cells. These data provided a second demonstration that the knockdown of aldolase was responsible for changes in proliferation of these transformed cell lines.
Transformed Cell Lines Were more Sensitive to Aldolase Knockdown Than Their Non-transformed Counterparts-It has been shown that Ras-transformed cells are more sensitive to decreased glucose concentrations than non-transformed cells (32) . It follows then that transformed cells may be more sensitive to glycolytic enzyme knockdown than non-transformed cells. Therefore, the relative sensitivity to aldolase knockdown of two parental cell lines and their transformed counterparts was tested (NIH-3T3 versus Ras-3T3, and Rat1 versus DN-p53 Rat1). These cell lines were transfected with siRNA to aldolase, and proliferation was measured for 7 days using the crystal violet assay. All cell lines showed a reduction in aldolase activity ranging from 70 -90%. Upon aldolase knockdown, in both cases, cell proliferation was inhibited more in transformed cells than in non-transformed cells (Fig. 4, A and B) . NIH-3T3 cells transfected with aldolase siRNA showed a decrease in the rate of proliferation of 40% (p ϭ 0.302), whereas Ras-3T3 cells showed up to a 90% decrease (p ϭ 0.0015) (Fig. 4A) . Likewise, wild-type Rat1 cells showed a 40% decrease in the rate of proliferation (p ϭ 0.0181), whereas DN-p53 Rat1 cells showed a 95% decrease in proliferation rate (p ϭ 0.0001) (Fig. 4B) . These data indicate that inhibition of cell proliferation following aldolase knockdown was likely a pervasive effect in transformed cell lines.
Aldolase Depletion Did Not Affect Glycolytic Flux or Intracellular ATP Concentration-According to the Warburg effect, the glycolytic pathway is especially important for transformed cells. Thus, the effect of aldolase knockdown on energy metabolism was investigated by measuring glycolytic flux and intracellular ATP concentration following aldolase knockdown. Untreated, mock-transfected, and aldolase siRNA-transfected NIH-3T3 and Ras-3T3 cells were examined for changes in glycolytic capacity. The fluxes measured by lactate production were normalized to mock-treated NIH-3T3 cells. Consistent with glycolysis being up-regulated in transformed cells, glycolytic flux in Ras-3T3 cells was 3-to 4-fold higher than in NIH-3T3 cells regardless of treatment (Fig. 5A) . However, when either NIH-3T3 or Ras-3T3 cells were mock-or aldolase siRNA-transfected, no significant difference in glycolytic flux between the two cell lines was observed. These data were supported by measuring rates of glucose consumption in Ras-3T3 cells, in which no significant differences were seen among untreated, mock-transfected, and aldolase siRNA-transfected cells (Fig. S4) . Similarly, when intracellular ATP was measured, aldolase knockdown did not cause a significant change in ATP concentration in either cell line (Fig. 5B) . These data showed that aldolase knockdown did not greatly interfere with cellular energy metabolism and suggest that a non-glycolytic mechanism(s) was likely causing the dramatic proliferation defect in aldolase knockdown-transformed cells.
Aldolase Activity Is Not Required for Rescue of the Proliferation Defect-The data presented above (Fig. 5) suggested a noncatalytic role for aldolase was responsible for this proliferation defect. This mechanism was further tested using the catalytically inactive D33S-aldolase variant. This variant has been been described previously to have a 6000-fold decrease in k cat , while retaining wild type actin binding capability (18) . The D33S mutation was subcloned into the MycAldolase expression vector and stably expressed in 9L cells (MycD33S-9L). Expression was confirmed by immunoblot and was not affected by knockdown of the endogenous mouse aldolase A (Fig. 6A) . D33S-aldolase was tested for its ability to rescue the proliferation defect seen after knockdown of endogenous aldolase. Proliferation was measured using crystal violet for mock-and aldolase siRNA-transfected MSCV-, MycAldolase-, and MycD33S-9L cells. The significant decrease in proliferation after treatment with aldolase siRNA in MSCV-9L cells was rescued by expression of both wild type MycAldolase and the inactive MycD33S variant (Fig. 6B) . Both MycAld-9L and MycD33S-9L aldolase siRNA-treated cells proliferated significantly faster than the MSCV-9L control but were not significantly different from each other. These data provided further evidence that the proliferation defect seen with aldolase knockdown was not due to the catalytic function of aldolase.
Aldolase Knockdown Resulted in Multinucleated Cells-The data described above clearly establish a mechanism behind the cell proliferation defect that does not involve aldolase catalytic activity. In addition to its roles in metabolism, aldolase has been implicated in several so-called "moonlighting" functions, which are distinct from its metabolic roles (see below). Although most of these moonlighting functions have not been thoroughly investigated, it is clear that many of these purported aldolase moonlighting functions involve interactions with F-actin, with which aldolase clearly interacts both in vitro (14, 18, 33) and in vivo (34, 35) . F-actin is also involved in the cell cycle, most notably in cytokinesis. Therefore, the possibility of a cytokinesis defect was investigated in the aldolase knockdown cells. Four days after either mock-or aldolase siRNA-transfection, Ras-3T3 cells were stained for nuclei and counterstained with phalloidin. Multinucleated cells were counted for each treatment (Fig. 7, A-F) . Mock-transfected Ras-3T3 cells showed 5% binucleated cells. In contrast, aldolase knockdown cells had a 3-fold increase multinucleated cells (16%) (Fig. 7G) . Furthermore, almost half of multinucleated cells in the aldolase siRNA cultures showed Ͼ2 nuclei. These results suggested that the severe decrease in cell proliferation caused by aldolase knockdown was due to a cell cycle defect, likely during the cytokinesis step, which plausibly involves the actin binding of aldolase and not its catalytic function.
DISCUSSION
Cancer cells up-regulate a number of different pathways to keep up with the demands of providing biomass for rapidly dividing cells (36) . Glycolysis is one such pathway (2), which is up-regulated in transformed cells regardless of the presence or absence of oxygen (1) . Furthermore, several anabolic biosynthetic pathways such as the pentose phosphate shunt, phospholipid synthesis, and amino acid biosynthesis begin with intermediates in the glycolytic pathway. Thus, glycolytic enzymes are potential targets for interfering with proliferation and growth in cancer (36) . The data presented here showed the consequences of knockdown of several glycolytic enzymes on transformed cells. Of the glycolytic enzymes targeted in this study, knockdown of aldolase had the most drastic effects on proliferation. However, when effects on glycolytic flux and energy metabolism were investigated, aldolase knockdown affected neither, which indicated that loss of aldolase affects a non-glycolytic (moonlighting) function of aldolase.
Including data presented here, nine of the eleven glycolytic enzymes, plus the regulatory enzyme PFK-2, have been investigated using RNAi in transformed cell lines. For most enzymes studied, the knockdown ranged from 60 -100% (Fig. 8 , white bars); however, the decrease in rate of proliferation in culture was modest (5-50%, Fig. 8, black bars) . The striking exception was aldolase, which inhibited cell proliferation up to 90%. This unusual dependence on aldolase for proliferation was shown across several transformed cell lines in both monolayer and anchorage-independent growth assays (see Figs. 1B, 2, B-D,  and 3E ). An effect on anchorage independent growth is observed for knockdown of other glycolytic enzymes in transformed cell lines, both in the context of soft agar colony formation, as seen with hexokinase II and PFK-2 (4, 5), and tumor formation and growth in mice, as seen with depletion of hexokinase II, phosphoglucoisomerase, pyruvate kinase M2, and lactate dehydrogenase A (4, 7, 9, 10). The effect of aldolase depletion in soft agar (75% decrease in colony formation; see Fig. 3E ) was on par with RNAi directed against other glycolytic enzymes in similar soft agar colony formation or tumor formation assays in mice (60 -100% decrease).
Moreover, transformed cells were more sensitive to aldolase depletion than their parental non-transformed cell lines in the case of two different oncogenes (v-Ras and dominant-negative p53). Knockdown of aldolase caused proliferation defects in both non-transformed and transformed cells, but the effect on transformed cells was 2-fold greater. The increased sensitivity to aldolase knockdown, as reflected in their proliferation rate, was similar in both Ras-3T3 and DN-p53-Rat1 cells, indicating that transformation in general, and not transformation by a specific mechanism, confers this sensitivity. Of the other studies that depleted glycolytic enzymes in transformed cells, only one made a comparison to non-transformed counterparts (10) . In this study of lactate dehydrogenase A knockdown, there was no effect on non-transformed counterpart and only an ϳ10% decrease in proliferation following knockdown in transformed cells in culture. This was unlike the dramatic difference shown here following knockdown of aldolase in Ras-3T3 and NIH 3T3 cells. This accentuated effect of aldolase knockdown on transformed versus non-transformed cells has implications for selective cancer therapies targeting aldolase.
Compared with cells with other glycolytic enzymes targeted by RNAi, aldolase knockdown caused the largest decrease in cell proliferation (see Figs. 1B and 8 ). This observation by itself suggested that the cause of this defect was unrelated to energy metabolism. This hypothesis was supported by showing that knockdown of aldolase did not significantly affect glycolytic flux, did not significantly affect intracellular ATP concentration (see Fig. 5 ), and could be rescued by an inactive variant (see Fig. 6 ). Its interesting that knockdown of almost any glycolytic enzyme as much as 80 -90% has little effect on glycolysis (9, 10) (supplemental Fig S5) , although some showed slight decreases in lactate and/or [ATP] (9), with the most significant drop in [ATP] caused by lactate dehydrogenase A knockdown (10) . This phenomenon can be explained by the fact that for some tissues, the activity of glycolytic enzymes is 10 -1000-fold higher than maximally required glycolytic flux (37) .
These studies suggest that another cellular function of aldolase is responsible for the proliferation defect of transformed cells. Moreover, aldolase knockdown affected the proliferation of non-transformed cells, making this cellular function of aldolase not exclusive to transformed cell lines, but like many cellular functions, a process that is exploited when cells become transformed. In addition to its roles in metabolism, aldolase has been implicated in several so-called moonlighting functions, which are distinct from its metabolic roles. These non-glycolytic functions of aldolase include roles in signal transduction (38 -41) , vesicle trafficking (42, 43) , and cell motility (15, 44) . As mentioned previously, many of these moonlighting functions may involve the interaction of aldolase with the F-actin cytoskeleton (18, 34, 35) . F-actin is involved in cell division, where it is critical for formation of the cleavage furrow during cytokinesis (45) . Increased multinucleation in aldolase knockdown transformed cells is consistent with aberrant cytokinesis and/or a requirement for aldolase for proper progression through the cell cycle. However, perturbation of the actin cytoskeleton in the cell can result in defects earlier in the cell cycle. Treatment of cells cytochalsin D and latrunculin A cause cell cycle arrest at G 1 , inhibition of kinetochore-microtubule elongation, and mitosis delay (46 -49) . Furthermore, a bioinformatics search for possible aldolase binding partners found putative partners that included cyclin H and anaphase promoting com- plex subunit 4, two proteins involved in regulation of cell cycle and mitosis, respectively (15) . These interactions have not been confirmed in vivo.
Additionally, aldolase binds WASP and N-WASP, activators of Arp2/3 in actin polymerization (41) , and the binding site for WASP on aldolase has been determined by x-ray crystallography (50) . The roles of WASP family members in cell motility, morphology, and endocytosis have been extensively studied (for review, see Ref. 51) . Less is known about the role of WASP in cell proliferation. Several reports show that activity and expression of WASP must be controlled properly for cells to proliferate correctly. Overexpression of a constitutively active WASP I294T variant in U937 myeloid cells causes a decrease in growth rate and cytokinesis defects leading to multinucleate cells (52) , similar to what is seen in aldolase knockdown cells (see Fig. 7 ). A decrease in WASP can cause similar phenotypes. Knock-out of the Caenorhabditis elegans WASP homolog wsp1 results in cytokinesis defects (53) . N-WASP knockdown in HeLa cells also causes proliferation defects and multinucleate cells, and N-WASP is required for proper chromosome congression and segregation (54) . If aldolase is a modulator of WASP activity, then aldolase knockdown could lead to misregulation of WASP, disrupting actin dynamics and the cell cycle.
An essential step in determining the mechanistic role of aldolase in cell proliferation is to dissect its catalytic functions from its moonlighting functions. The catalytically inactive D33S-aldolase rescued the knockdown-induced proliferation defect, which is consistent with a moonlighting function and not a catalytic function for aldolase in cell proliferation. Moreover, this variant retains its ability to bind actin (18) and likely retains the ability to bind WASP as determined by its binding site in a crystal structure of the aldolase-WASP complex (50) . Taken together, the mechanism of aldolase in cell proliferation likely involves a non-catalytic moonlighting function.
Because the effect of aldolase knockdown on transformed cell proliferation is apparently not dependent on its glycolytic function, aldolase could be an interesting target for potential cancer therapies. Inhibitors of glycolysis such as 2-deoxyglucose and 3-bromopyruvate have required large dosages (M to mM range) in both cells and xenographic mouse models and have had mixed results in clinical trials (for review, see Refs. 3 and 55). However, a combinatorial approach targeting general glycolysis and aldolase-specific non-metabolic functions could be envisioned using known inhibitors of glycolysis, such as 2-deoxyglucose, along with RNAi or inhibitors of aldolase moonlighting function(s). The apparent sensitivity of transformed cells to aldolase knockdown makes this enzyme an attractive therapeutic target.
